Wilfrid Laurier University

Scholars Commons @ Laurier
Physics and Computer Science Faculty
Publications

Physics and Computer Science

2011

Ion-Exchanged Glass Waveguide Technology: A Review
Ari Tervonen
Aalto University

Brian R. West
Wilfrid Laurier University, bwest@wlu.ca

Seppo Honkanen
Aalto University

Follow this and additional works at: https://scholars.wlu.ca/phys_faculty

Recommended Citation
Tervonen, Ari; West, Brian R.; and Honkanen, Seppo, "Ion-Exchanged Glass Waveguide Technology: A
Review" (2011). Physics and Computer Science Faculty Publications. 91.
https://scholars.wlu.ca/phys_faculty/91

This Article is brought to you for free and open access by the Physics and Computer Science at Scholars Commons
@ Laurier. It has been accepted for inclusion in Physics and Computer Science Faculty Publications by an
authorized administrator of Scholars Commons @ Laurier. For more information, please contact
scholarscommons@wlu.ca.

Optical Engineering 50(7), 071107 (July 2011)

Ion-exchanged glass waveguide technology: a review
Ari Tervonen
Aalto University
School of Electrical Engineering
Department of Micro and Nanosciences
P.O. Box 13500, FI-00076 Aalto
Espoo, Finland
E-mail: ari.tervonen@tkk.fi
Brian R. West
Wilfrid Laurier University
Department of Physics & Computer Science
Waterloo, Ontario N2L 3C5
Canada

Abstract. We review the history and current status of ion exchanged
glass waveguide technology. The background of ion exchange in glass
and key developments in the first years of research are briefly described.
An overview of fabrication, characterization and modeling of waveguides
is given and the most important waveguide devices and their applications are discussed. Ion exchanged waveguide technology has served
as an available platform for studies of general waveguide properties, integrated optics structures and devices, as well as applications. It is also
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1 Introduction
Ion exchange in glass1, 2 is a widely applied technology for
optical waveguide fabrication. By local substitution of relatively mobile ions (typically Na + ) originally in glass by
other ions with different size and polarizability, a change
of refractive index in selected regions is achieved, allowing patterning of waveguiding regions into planar substrates.
Several reviews3–9 on ion-exchanged waveguide technology
and thousands of research papers connected to it have been
published in the past 40 years during which this technology
has been studied.
Ion exchange in glass has an extensive history.10 It has
been used for centuries to modify optical absorption properties of glass for purposes of decoration and coloring.11, 12
Glass luster on ceramics with metallic nanoparticles from
ion exchange is known from the early Islamic culture during the 10th century.13 Glass strengthening by surface ion
exchange14–16 was the first extensive industrial application
of ion exchange in glass.
Shortly after the introduction of the concept of integrated
optics, ion exchange in glass was proposed as a waveguide
fabrication process,17, 18 based on previous use in glass rod
lenses and fibers.19 In fact, development of ion-exchanged
waveguide technology closely parallels the emergence of
practical graded-index optics.20
Glass is of course a well-known optical material and glass
waveguides have several advantages including low material
cost, compatibility with optical fibers, low propagation loss
and birefringence, and high stability and reliability. Ion exchange as a fabrication process promises simplicity and economy, not requiring complicated manufacturing equipment. It
allows for batch processing, and also flexibility of process
and glass choices, so it can be adapted for many applications. Due to their availability, ion-exchanged waveguides are
C 2011 SPIE
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widely used for diverse studies, research tasks, experiments
and prototyping work. Ion exchange technology also has
proven applicability for industrial manufacturing of waveguide components; however, there are then special demands
on fabrication to meet requirements for components to be
applied in field.
There has been no single defined target for research on
ion-exchanged waveguides. Though much of the work has
concentrated on developing fabrication technology for particular waveguide device applications, much of it has been
more general studies in the field of integrated optics, with
ion exchange only used as an available technology platform.
2 Early Years of Ion-Exchanged Waveguides
The first published work on ion-exchanged waveguides appeared in 1972, authored by Izawa and Nakagome.21 The
waveguides described therein used Tl + ion exchange from a
molten salt bath for Na + and K + ions in glass, and already
introduced two key processing techniques: field-assisted ion
exchange to achieve migration of ions deeper into glass and
a second step introducing original ions back into the glass to
bury the waveguide under the surface, achieving low loss. In
addition to planar waveguides, there were demonstrated multimode channel waveguides fabricated using a lithographically patterned mask film. Though remarkably advanced
work, it was still mainly a basic demonstration of feasibility.
Much more thorough work would be needed to realize the
potential of ion-exchanged waveguides and to establish the
capacity for glass integrated optics fabrication. The following year, a publication by Giallorenzi et al. studied planar
waveguide fabrication by purely thermal diffusion.22 Different exchanged ions were compared: silver, potassium, and
thallium. Planar waveguide properties such as concentration
and refractive index profiles and losses were studied. In particular, an order of magnitude lower refractive index increase
was found to be produced by potassium exchange (0.008) in
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comparison to silver exchange (0.08). Following these first
studies, Saruwatari and Izawa demonstrated in 1974 the first
nonfiber glass waveguide laser using their Tl-exchange process in Nd-doped borosilicate glass. This was a 4-mm long
multimode waveguide in which pulsed laser operation was
achieved.23 This early waveguide laser work was largely forgotten, and it was more than a decade before research on
ion-exchanged waveguides in rare-earth doped glasses really
started.
Some additional experimental work on thermal silverexchanged planar waveguides followed, with characterization of index profiles and basic mode properties. Gedeon and
Carnstam fabricated multimode strip waveguides using such
a process and characterized their bending losses.24 The first
single-mode channel waveguides—also produced by silver
ion exchange—were demonstrated by Gallagher and de la
Rue in 1976.25
At the time, much emphasis was placed on the fabrication of multimode waveguides. This was partially due to
technological challenges encountered in narrow-line lithography, particularly as most of the work was done with visible wavelengths and with a relatively large refractive index
contrast. However, there was also a need for components
to be used in multimode fiber communication. Some new
fabrication processes were targeting multimode waveguide
fabrication, such as lithium ion exchange.26 Also, the first
work on silver-exchanged waveguides using solid-state Ag
film sources with field-assisted process27 in particular, provided the possibility of achieving highly multimode waveguides. Nearly circular strip waveguides were demonstrated
by Viljanen and Leppihalme using such a “dry” process
along with thermal annealing.28 Targeting multimode waveguides also brought added interest in field-assisted fabrication
processes, which could provide almost step-index profiles.
Subsequent work by Lilienhof et al. showed that profile
shapes were primarily determined by the electric field distribution in glass.29 Searching for alternate processes, the
exchange of Cs + and Rb + ions was studied, and resulting
steep profiles were explained by the mixed alkali effect in
glasses.30
Detailed studies on silver ion exchange in planar waveguides followed, seeking to obtain better knowledge and understanding of the exchange process, which was needed
for controlled fabrication and to establish the repeatability of manufacturing. Stewart et al. performed a study of
Ag-diffused waveguide characteristics, determining the relation of diffusion profiles and mode properties to process
parameters.31 Millar and Hutchins evaluated manufacturing
tolerances of such waveguides.32 Stewart and Laybourn studied the use of dilute silver nitrate melts, showing that this
provided advantages in process control,33 as had been earlier
suggested.34 Based on regular solution theory, they determined the relationship between the waveguide surface index and silver concentration in the salt melt. This added
significantly to the flexibility of silver exchange processes,
since refractive index contrast could be selected for a given
application.
Interestingly, the first functional device fabricated by ion
exchange in glass was a quite advanced active Nd-doped
waveguide laser23 discussed in Sec. 6.3. Several basic passive devices realized with ion-exchanged waveguides were
also demonstrated. A guided-wave polarizer was made with
planar waveguides, having a section with smaller depth,
Optical Engineering

below the cutoff for fundamental TM mode.35 A taper to optimize coupling of a single-mode strip waveguide to singlemode fiber achieved the required diffusion profile by dipping the masked substrate slowly into the salt melt during
the process.36 A five-channel wavelength multiplexer was
demonstrated, combining a chirped grating with multimode
silver-exchanged waveguides.37 Separate from the emphasis on silver exchange, single-mode 1-to-N star couplers
were demonstrated with potassium exchange.38 K + ion exchange was also used to make the first thermo-optic waveguide switches that combined miniature thin-film heaters
deposited on waveguide structures, achieving millisecond
switching with 0.5 W switching power.39
Development of ion-exchanged waveguides to provide a
technology basis for the fabrication of guided-wave devices
culminated in several papers by a group at University of
Glasgow. With a goal of producing miniature optical ring
resonators, they had developed a fabrication process for narrow, high-refractive-index-contrast silver-exchanged waveguides operating at 633 nm wavelength.40 Optimized directional coupler and bend structures could be made with these
waveguides,41 and ring resonators with 0.5-mm curve radius
were demonstrated based on such structures, with finesse of
15 and 0.7-dB round-trip loss.42 A related work was a study
on a single-mode waveguide Y-junction made using the same
process.43 A contemporary example of a single-mode device
based on potassium-exchanged waveguides was a directional
coupler power divider, in which dimensional requirements
were considerably relaxed by a two-step process; this device
was demonstrated at visible wavelengths.44
After more than a decade of research in ion-exchanged
waveguides, interest had gradually grown, and basic demonstrations of the feasibility of single-mode devices and of
flexibility of the process had built the foundation for further prospects of this technology, including serious possibilities for commercial production. The status of ion-exchanged
glass waveguide technology at the time was reviewed by
Findakly.3
3 Waveguide Fabrication Processes
The ion exchange processes for waveguide fabrication can,
in most cases, be represented as a sequence of between one
and three process steps, configurations of which are shown in
Fig. 1 (illustrated here for silver-sodium ion exchange). The
first four configurations are used to introduce ions into glass.
Figure 1(a) is the widely used thermal ion exchange from a
molten salt source through a patterned mask.24 Figure 1(b)
illustrates the field-assisted ion migration from a molten salt
at the anode side.21 Figure 1(c) is the field-assisted migration
from a metal thin film source;28 the thin film may be deposited
on top of a patterned mask, or it can be directly patterned onto
the glass surface. Figure 1(d) shows a field-assisted migration process, combining a patterned metal film with molten
salt source at the anode surface;45, 46 this can be used as a
one-step process for producing buried waveguides, for after
the metal film source has been consumed, this will directly
continue as a field-assisted burial, similar to configuration
[Fig. 1(g)].
Figures 1(e)–1(g) are used to modify the existing ion concentration established in glass in order to tailor the waveguide properties, so they are typically used as a second step in
two-step fabrication processes. Figure 1(e) is a simple thermal annealing to redistribute the ions by diffusion inside the

071107-2

July 2011/Vol. 50(7)

Tervonen, West, and Honkanen: Ion-exchanged glass waveguide technology: a review

that a rather large index increase can be obtained. The main
reason for the rather limited use of thallium ion exchange,
particularly in research work, is its high toxicity. Another
process developed to target component manufacturing is cesium ion exchange. A special glass, BGG21, was developed
for Cs + /K + exchange and used in a field-assisted burial
process for single-mode waveguides.58
The two most widely used ions in ion-exchange glass
waveguide research activities are Ag + and K + . Potassium
ion exchange has the advantage that it can easily be used
to produce low-loss surface waveguides and its low refractive index increase allows relaxed mask opening dimensions. However, relatively high stresses are generated in K +
–exchanged glass and the index increase is largely caused by
stress-optic effects,59 thus making waveguides birefringent.60
Additionally, K + exchange is not well-suited for buried
waveguide fabrication, due to the low index contrast and
the large difference in mobility of K + and Na + ions.
Silver ion exchange is, in many respects, quite ideal for
waveguide fabrication, which explains its wide popularity. It
can achieve a relatively high index increase (which can be decreased by melt dilution to meet single-mode requirements)
and the mobility ratio of Ag + and Na + ions is not very low in
most glasses. The main disadvantage found throughout many
studies of silver-exchanged waveguides is the tendency of silver ions to reduce into neutral atoms, subsequently aggregating into metallic clusters in glass and forming an absorbing
colloid. This can cause high waveguide losses, particularly
with higher concentrations of Ag + ions. Many approaches
have been taken to decrease this loss, including the use of diluted silver concentrations and avoiding metallic mask films
in fabrication processes. It was soon understood that glass
composition played a key role in the reduction of silver to
metallic form, and that in particular impurity elements Fe,
As, and Sb residing in the glass structure as polyvalent ions
should be avoided, as Ag + ions can capture electrons from
them. Most research work has used some readily available
commercial glasses. Careful selection led to use of highquality glasses such as Corning 0211 with reduced silver
particle formation. However, it was discovered that an optimal glass for silver ion exchange would have a very special
composition, not only avoiding such impurities.61 In conventional sodium-containing glasses, sodium ions are associated
with nonbridging oxygen atoms in the glass network, and
silver ions exchanged into glass can extract electrons from
these nonbridging oxygen atoms for reduction into silver
atoms. By adding aluminum oxide into glass, the number of
nonbridging oxygen sites is decreased. With molar concentrations of Al2 O3 and Na2 O in glass at the same level, a glass
network with a different structure is established, in which
sodium ions are not associated with nonbridging oxygens.
Ag + ions exchanged into such aluminosilicate glasses are
quite stable. In addition, boron can have a similar role as aluminum in the glass structure. A special glass was developed
for silver ion exchange—BGG315,62 —of aluminoborosilicate composition. With only sodium present as alkali species,
it made the truly binary ion exchange simpler to manage.
This glass also had a fraction of the oxygen replaced by
fluorine, and thus reached a refractive index value at the
level of silica to match optical fibers. IOT was launched as
a company in integrated optics components, with their technology of single-mode device manufacturing based on this
glass.
Optical Engineering

The main difference between small-volume laboratory
research on ion-exchanged waveguides and industrial-scale
production is the availability of special glass substrates developed for this purpose, and to some extent, fabrication
equipment sufficient for industrial quality manufacturing.
The latter is particularly relevant with respect to field-assisted
processes with molten salts, which are complicated to operate conveniently and with controllability to achieve the
required reproducibility. As fabrication of small batches of
special glasses for research purposes cannot typically reach
sufficient optical quality for the glass material, such work
is generally limited to the use of commercially available
substrates.
When silver ion-exchanged waveguides are fabricated
from Ag metal film sources, the process has differences
from processes based on ion exchange from molten salt
sources.63 Thermal diffusion from Ag film into glass is slow,
so the process needs to be field-assisted in order to produce
substantial silver ion concentrations. This process is electrochemical; electrolytic anode reactions were studied and
explained in detail by Kapila and Plawsky.64 This technique
has also been used to fabricate single-mode waveguides, first
by the single-step burial process,65 and later by combining the field-assisted migration first step with annealing to
produce single-mode fiber-compatible waveguides in a completely dry solid-state process,66 which has also been used
to demonstrate a number of guided-wave devices.67, 68 To
date, no commercial manufacturing has utilized dry silver
ion exchange.
Combinations of different ion exchange processes in fabricating waveguide structures on the same substrate have also
been studied. In particular, waveguides from potassium and
silver ion exchange produce index contrasts that differ by
about an order of magnitude in a given glass. Also, since the
K + ions have much lower mobility at a given temperature
than Ag + ions, potassium ion exchange can be carried out
first at a higher temperature, and when subsequent silver ion
exchange is carried out at a lower temperature, K + ion distributions from the first step are negligibly affected. It was found
that potassium-exchanged regions in glass substantially inhibit the silver ion exchange, so that patterned potassium
waveguide regions can be used as a mask for the silver ion
exchange.69, 70 Combination of planar waveguide regions by
exchanging these two ions into glass can be used to fabricate
refractive planar waveguide lens elements71 or diffractive
waveguide elements.72 Also, channel waveguides with different refractive index contrast values have been combined
for fabrication of special devices,73 and channel waveguides
fabricated using potassium/silver double ion exchange have
shown decreased propagation losses.74
4 Characterization of Ion-Exchanged Waveguide
Properties
Prism coupling75 is the most common characterization
method for measuring propagation constants of planar
waveguide modes. From the mode information, various
approaches—generally variants of inverse WKB method
—can be used to estimate the refractive index profile of the
exchanged waveguide.76, 77 The propagation constant values
do not provide complete information about the waveguide
profile; some assumptions about the nature of the profile
need to be made, and then a best fit to measured values
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can be found. With different methods to retrieve the refractive index distribution, there is some disagreement about the
accurate waveguide profile.78 Measurements can also be done
for channel waveguides, though with more complication.50
Prism coupling can also be utilized to excite selected modes
in the waveguide in order to measure individual mode propagation losses; the intensity distribution for each excited
mode can then be observed at the waveguide end facet. The
combined information on measured mode propagation constants and intensity distributions has been used to extract the
refractive index profile.79
Waveguide profiles are often measured in deep planar
waveguides. These are usually not representative of typical
waveguides, as there is only limited interest in applications
for planar waveguides. The actual target is to characterize
diffusion profiles from ion exchange, so that more general
waveguide processes can be modeled. Measured profiles can
be utilized in parameter extraction—finding the parameters
to model the ion exchange process—as detailed in Sec. 5.4.
Even when extending such information from planar surface
waveguides to complicated processes, such as two-step fabrication of single-mode buried channel waveguides may not
achieve extremely accurate models. It can be sufficient to
establish parameters for the fabrication of waveguide devices within required tolerances. More direct methods have
also been used to measure waveguide profiles. These can
be optical methods to measure directly the refractive index
distribution, or material analysis methods to measure the ion
concentration distributions from the ion exchange process.
Refractive index profiles can be measured using a refractive near-field technique.80 Alternative optical measurement
methods based, for example, on interferometry of thin slices
of waveguide samples,55, 81 have also been used. Also, the
surface refractive index can be obtained from reflectivity
measurements, and refractive index as a function of depth is
then measured using a beveled surface29 or by exposing glass
at different depths by etching.82
Several methods have been used to measure ion concentration profiles. One destructive method uses etching away
of thin consecutive layers and obtaining ion concentrations
from the etchant solution by means of spectroscopy83 or radiotracer analysis. Direct measurement of ion concentrations
from the glass substrate edge facet can be obtained using
an electron microprobe or scanning electron microscope for
high-resolution scanning and analyzing the elements with energy dispersive x-ray spectroscopy or backscattered electron
analysis.84
Waveguides are also typically characterized for loss and
birefringence, and for coupling efficiency to optical fibers.
Planar waveguide losses and birefringence can be obtained
with prism coupling. For channel waveguides, propagation loss measurements are combined with coupling loss
characterization,74 and birefringence can be measured as
shown in Ref. 85.
5 Modeling the Ion Exchange Process
The various fabrication processes described in Sec. 3 produce
gradient-index profiles n(x,y), where x and y are the transverse
and depth directions, respectively. To properly describe the
optical waveguiding properties of the ion-exchanged guides,
it is first necessary to model the concentration profiles of
the exchanging ions as a function of the processing conditions (temperature, exchange time, applied electric field,
Optical Engineering

etc.). Phenomenologically, the diffusion of an ionic species
within a glass network in response to a concentration gradient and an electric field is described by the Nernst–Planck
drift-diffusion equation. However, in the case of binary,
monovalent ion exchange, there are two additional factors to
consider:
1. The constraint of local charge neutrality requires that
the net ionic flux is zero (or equivalently that the total
concentration of ionic species A and B is constant).
2. When the two interdiffusing ions have different diffusion coefficients—and therefore, by the Nernst–
Einstein equation, different mobilities—any concentration gradient establishes an internal electric field,
which exists even when the fabrication process is
purely thermal and not field-assisted.
A rigorous derivation of the differential equation that governs binary ion diffusion is given in Ref. 86. Here, for the most
part, we will derive it qualitatively. We label the in-diffusing
and out-diffusing ionic species A and B, respectively. For both
species, the number flux of ions ji (i = A, B) has components
due to both diffusion in a concentration gradient and drift in
an electric field. Applying the Nernst–Einstein equation for
ionic conductivity, we have
j A = −D A ∇c A + (c A D A q/ f kT ) E,
j B = −D B ∇c B + (c B D B q/ f kT ) E.

(1)

Here, ci and Di are the concentration and diffusion coefficient of species i, respectively, E is the total electric field (the
sum of the aforementioned internal field and any externally
applied field), T is the absolute temperature, q is the proton charge, and k is Boltzmann’s constant. f is a correlation
factor (related to the Haven ratio) to account for the discrepancy in ion mobility values between the drift and diffusion
phenomena.1, 87 The local charge neutrality condition is met
by requiring that cA + cB = c0 , the total concentration of
mobile atoms in the glass. As c0 is constant, we have a further
constraint that
∇c A + ∇c B = 0.

(2)

Applying the continuity equation (Fick’s Second Law),
∂c A
(3)
+ ∇ · j A = 0,
∂t
we are left with an expression for the time evolution
of the in-diffusing ion concentration cA . It is customary to use a normalized concentration C = cA /c0 , which
reads

∂C
D
=
∇ 2C
∂t
1 − (1 − M)C

(1 − M)(∇C)2
qEext
+
−
∇C ,
(4)
1 − (1 − M)C
kT
where M = DA /DB , and we have relabelled DA as D. The
three terms in square brackets indicate the contribution to
concentration evolution due to diffusion, internal field drift,
and external field (Eext ) drift, respectively. The use of a normalized concentration is justifiable because the index change
is proportional to the concentration of the incoming ion, as
will be shown shortly.
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In the above derivation, it is assumed that the self-diffusion
coefficients DA and DB —and therefore M—are constant. In
fact, these parameters are dependent on the local concentrations of each cation by the mixed-alkali effect88, 89 (or,
more accurately, the mixed mobile ion effect).90 Ionic motion is dependent on the probability of the ion possessing an
activation energy Ea required to jump between sites in the
glass matrix. This relies on the local electrostatic and stress
environment, which is in turn dependent on the local concentration of the exchanging ions.91, 92 If the concentration
dependences of Di are known and if they vary slowly over
the area of the waveguide, numerical solutions of Eq. (4) are
still valid if the values of Di are updated at each time step.
Otherwise, more rigorous formulations90, 93 of Eq. (4) can
be used, which explicitly account for gradients in Di in the
divergence of ionic flux.
5.1 Solutions of the Diffusion Equation
Equation (4) holds true in any number of spatial dimensions. While 1D (slab) and 2D (channel) waveguide modeling are very common, 3D modeling is rarely needed—as
ion-exchanged waveguides are weakly guiding, the waveguide geometry changes very slowly in the propagation direction and therefore both drift and diffusion in this direction
can be considered negligible. However, full 3D modeling
is necessary when ion exchange is used to create diffractive elements.94, 95 For slab waveguides, various approximate
analytical solutions to Eq. (4) have been suggested under
limiting cases of M and the applied field. With M=1 and no
applied field—and neglecting any concentration dependence
of ion mobility—the binary diffusion equation reduces to the
simple form
∂C
∂ 2C
=D 2,
∂t
∂y

(5)

√
which has the solution C(y, t) = C0 erfc(y/2 Dt), where
erfc is the complementary error function and C0 is a constant. For a field-assisted process in which drift dominates
over diffusion, a modified Fermi distribution has been assumed for the ion concentration.96 Otherwise, for arbitrary
processing parameters, Eq. (4) can be easily solved in 1D
using a variety of numerical methods. Here, we concentrate
on the more substantial problem of channel waveguide modeling, which imposes stringent requirements on the stability
and speed of the computational algorithm. Generally speaking, small values of M lead to computational instability near
the glass/melt interface, where two terms in the denominator
of Eq. (4) become very small. Early efforts at channel waveguide modeling used the explicit Dufort–Frankel algorithm.86
However, this method is stable only for values of M greater
than about 0.1, which excludes several practical ion exchange
systems including that of Ag + –Na + exchange in many silicate glasses. It has been shown97, 98 that the alternating
direction implicit method of Peaceman and Rachford99 is
stable down to very low values of M. The speed improvement
over fully implicit methods such as Crank–Nicolson permits
the use of a very fine computational mesh in both space
and time. Improvements using adaptive meshes have been
presented.100
Boundary conditions on all four edges of the 2D computational domain must be imposed. For all processing steps,
at the bottom of the domain (not necessarily the back side
Optical Engineering

of the substrate, but a distance far enough from the surface
such that the concentration of in-diffusing atoms is negligible), we force C = 0. An identical condition is found on the
two sides of the domain; these must be sufficiently far from
the mask opening that transverse diffusion does not
√ impact
these boundaries. The boundaries must be a few Dt from
the edge of the opening, for example. On the top surface of the
substrate, the boundary condition on C depends on the particular fabrication process. In the case of thermal exchange
from a molten salt, the mask serves to block any diffusion normal to the surface, leading to the Neumann condition (∂C/∂y
= 0), while the open regions of the mask permit a known
normalized concentration C = 1. For field-assisted burial, as
the top surface is exposed to salts that lack ion A, we have C
= 0 everywhere on this surface. In the annealing procedure, we again have ∂C/∂y = 0 on the top surface, as
no ions of either type may enter or exit from the surface of the substrate. The C = 1 boundary condition on
the open regions of the mask is justified because the time
required for the ionic concentrations to reach equilibrium
at the surface is very short in comparison to the time
scales used in waveguide fabrication.101 Although it is possible to determine the actual surface concentration as a
function of the glass and melt composition by thermodynamic means,102 for practical reasons it is simpler to
use the normalized value and correlate it to an empirically determined surface index change, as we will discuss
in Secs. 5.3 and 5.4.
5.2 Modeling the Electric Field
When an externally applied electric field is present, its spatial profile Eext (x,y) is critically related to the evolution of
ion concentration. To a first approximation, the field can be
considered constant in time and expressed as the gradient
of a potential profile ϕ(x,y) that is calculated by Laplace’s
equation. However, when M=1, the existence of a spatial
variation in ion concentration implies a proportional variation in electrical conductivity σ (x,y), via the Nernst–Einstein
relation. In this case, ϕ(x,y) satisfies the nonstandard Laplace
equation,
σ (x, y)∇ 2 ϕ(x, y) + ∇σ (x, y) · ∇ϕ(x, y) = 0.

(6)

If we assume a linear relationship between ion concentration and conductivity, then
1
(7)
[1 − C(x, y)] + C(x, y),
M
where the proportionality constant is irrelevant due to the
mathematical homogeneity of Eq. (6). As C(x,y) evolves
over time, so does σ (x,y) and thus also ϕ(x,y) and Eext (x,y)
—although over lengthy time scales, such that electrostatic
modeling remains appropriate. Therefore, it is necessary to
update the field profile at each time step. The numerical
solution of Eq. (6) in a form well-suited to applying to
Eq. (4) can be found in Ref. 53. The boundary conditions
on ϕ are set such that ϕ = 0 at the bottom of the domain and
∂ϕ / ∂x = 0 at the sides of the domain (we extend the domain
far enough from the edges of any mask that the field lines can
be assumed parallel to the sides of the domain). On the top
side, in all regions where the mask is open, ϕ = Vh/d, where
V is the voltage applied across the substrate, and h, d are the
thickness of the domain and the thickness of the substrate,
respectively. In regions where the mask is closed, we have
σ (x, y) ∝
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the Neumann condition ∂ϕ/∂y = 0, since the mask serves as
a barrier to ion motion normal to the surface.
Qualitatively, when M <1, the concentration dependence
of σ perturbs the electric field lines such that they tend to be
excluded from the center of the diffused waveguide. This has
been shown to manifest as a noticeable difference in the depth
of waveguides buried in a field-assisted process, depending
on their pre-burial width.54
5.3 Converting Ion Concentration to Refractive Index
Profile
The final step in modeling ion-exchanged waveguides is to
convert the exchanged ion distribution C(x,y) to a refractive index profile n(x,y,λ). The exchanged ions locally affect the refractive index by three physical mechanisms; ionic
size, ionic polarizability, and photoelastic effects due to induced stress.103 While the latter mechanism has been found
to dominate the index change for K + − Na + ion-exchanged
guides, it is small in comparison to the other two effects in
Ag + − Na + guides.59, 60 For small absolute concentrations
of the exchanging ion, it is relatively easy to show that there
is a linear relationship between exchanged ion concentration
and index change.104 This follows from the Lorentz–Lorenz
equation, which relates the refractive index n of a multicomponent dielectric to its polarizability
n2 − 1
4π 
Ni αi ,
=
2
n +2
3 i

(8)

where Ni and α i are the number density and polarization
volume of component i, respectively. The components are
incoming species A, outgoing species B, and all other components, indexed by j. If we assume that the exchange process
substitutes a number density N of species B with an identical number density of species A, then the Lorentz–Lorenz
equation for index n (after the exchange) and nsub (before the
exchange) are, respectively,

n2 − 1
4π
(N A + N ) α A + (N B − N ) α B
=
n2 + 2
3


+
Njαj
(9)
j

and

⎡
⎤

n 2sub − 1
4π ⎣
N Aα A + N B αB +
=
Njαj⎦ .
3
n 2sub + 2
j

(10)

Subtracting these two equations and assuming that n = n
− nsub «1 produces the relationship
n =

2π n 2sub + 2
(α A − α B ) N ,
3n sub

(11)

which shows that n is linearly proportional to N (and that
it can in fact be negative if α A < α B ).
In practice, one does not to need to know the ionic polarizability volumes α A and α B or the absolute value of N.
Instead, an empirical value of the maximum index change
n0 is determined for a given glass/salt melt combination, and this is correlated to the normalized concentration
C = 1. Bearing in mind that this index change is wavelengthdependent, the index profile can therefore be expressed
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as
n(x, y, λ) = n sub (λ)+n(x, y) = n sub (λ) + n 0 (λ)C(x, y).
(12)

Empirical Determination of the Ion Exchange
Parameters D, M, and n0
Sections 5.1 to 5.3 suggest that modeling of the ion exchange
process requires accurate values of D, M, and n0 . These parameters are not routinely provided by glass manufacturers—
and in any case the first two are strongly dependent on the
processing temperature while the third depends considerably on the composition of the salt melt. Furthermore, even
different batches of the same glass substrates may show a
wide variation in the diffusion coefficients, depending on
the annealing history of the glass; this can be evident when
characterizing substrates of different diameter, for example.
Determination of ion exchange parameters can be
achieved experimentally by examining the characteristics of
slab waveguides under various exchange temperatures and
times, where the effective indices of the slab modes are measured using prism coupling (M-line) techniques.75 This is not
a trivial task, as even the one-dimensional profile C(y) has an
unknown form when there is no knowledge of M—this prevents direct calculation of the parameters by least-squares
fitting to the measured index profile. In the most common
approach,105, 106 Eq. (4) is solved in 1D using assumed values
of D and M, and the resulting concentration profile is converted to an index profile using an assumed value of n0 . The
effective indices of this modeled slab waveguide are calculated using WKB methods,107 and compared to the measured
effective indices. This process is iterated, adjusting the three
parameters to minimize the squared error between measured
and modeled indices; using a highly multimode waveguide
for this procedure is suggested so as to more accurately resolve the index profile. More recently, the optimization has
been automated using a genetic algorithm.108 A more direct
alternative to the M-line technique is to measure the concentration profile by scanning electron microscopy, or the index
profile by near-field refractometry.84
Over a wide range of processing temperatures, the selfdiffusion coefficients show an Arrhenius temperature dependence,
5.4

D(T ) = D0 e−Ea /kT ,

(13)

where Ea is the energy barrier required for species A to jump
between sites and D0 is a constant. When calculating D0
and Ea by the afore-mentioned procedure, it is beneficial to
characterize slab waveguides processed over a range of temperatures. A linear fit of ln(D) versus 1/T allows one to extrapolate D(T) to temperatures for which fabricating a highly
multimode waveguide by thermal ion exchange would be
impractical; for instance, temperatures used for the thermal
annealing process. In addition, concentration dependence of
the self-diffusion coefficients can be calculated with high
accuracy using Boltzmann–Matano analysis.84
6 Guided-Wave Devices by Ion Exchange
6.1 Passive Devices
The early demonstrations of ion-exchanged waveguide devices included multimode devices such as splitters and
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wavelength multiplexers. Broader functionalities are provided by single-mode devices; these are also more applicable to contemporary applications that use single-mode
fibers. First demonstrators of splitters, couplers, tapers, polarizers, ring resonators, and thermo-optic switches were
discussed in Sec. 2. Virtually any passive waveguide device structure can be fabricated by ion exchange, including
Mach–Zehnder interferometers,109 multimode interference
(MMI) couplers110, 111 and phased-array multiplexers.112
1-to-N (or 2-to-N) splitters based on cascaded single-mode
waveguide Y-branches provide advantages of low imbalance, broadband operation, and polarization insensitivity
due to inherently symmetric splitting. Directional couplers
and Mach–Zehnder interferometers as wavelength splitters/combiners have been compared.113 MMI couplers are
usually based on high index-contrast step waveguides, but
they have been demonstrated by ion exchange, although special considerations need to be taken into account in their
design.114, 115 In arrayed-waveguide grating (AWG) multiplexers, ion-exchanged waveguides provide low polarization
sensitivity112 and thermal fine-tuning of the device response
is possible.116 The thermo-optic effect can be utilized in variable attenuator devices; an ion-exchanged Mach–Zehnder
structure variable attenuator was demonstrated with 1 dB
insertion loss, dynamic range of 38 dB, and polarization dependent loss varying from 0.2 to 0.6 dB in the attenuation
range of 10 to 20 dB.117 The maximum power consumption
of the device was 138 mW.
To form optical gratings within ion-exchanged waveguides, a photowriting technique similar to fiber Bragg grating fabrication can be used.118, 119 Various ion-exchanged
glasses have been found to have sufficient photosensitivity at UV wavelengths, including the BGG31 glass developed for ion exchange.120 An add–drop multiplexer has been
demonstrated utilizing a Bragg grating in a two-mode waveguide between asymmetric Y-branches; the grating couples
light between even and odd modes of the waveguide.121
An adiabatic broadband wavelength multiplexer was realized by patterning a periodically segmented waveguide into
a Y-branch configuration.122
The ultimate target of integrated optics is integration
of multiple guided-wave devices and circuits onto a single
substrate. For example, 1-to-N splitters and AWGs already
combine multiple basic waveguide elements, and integration
of Mach–Zehnder filter devices with 1-to-8 splitting was
demonstrated in Ref. 123. An interesting possibility is to
utilize waveguide burial processes in order to integrate multiple waveguide circuit layers into a single substrate. This
was demonstrated by combining silver-sodium exchanged
surface waveguides with buried waveguides at the depth of
22 μm.124
Early examples of hybrid integration with semiconductor devices are photodetectors integrated on glass
substrates with ion-exchanged waveguides. In 1987,
MacDonald et al. demonstrated a hybrid optoelectronic circuit, in which GaAs photodetectors were bonded to a metallic
interconnect layer deposited and patterned on a glass substrate with channel waveguides exchanged from Ag thin film
sources.125 Larson and Phelan produced, hydrogenated amorphous Si photodetectors deposited on potassium-exchanged
glass waveguides,126 followed by similar detectors based on
germanium to reach longer wavelengths.127 Yi-Yan et al.
introduced a liftoff technique, by which thin III–V semiOptical Engineering

conductor multilayer membranes could be bonded on top
of a glass substrate with ion-exchanged waveguides, and
metal-semiconductor-metal detectors were fabricated in this
structure.128
6.2 Nonlinear Waveguide Devices
There was substantial growth of interest in optical nonlinearities in waveguides in the mid-1980s, and by then ion
exchange had been established as a reliable method for glass
waveguide fabrication. Semiconductor-doped glasses were
a promising material, and potassium-sodium exchange was
used to make low-loss waveguides for nonlinearity studies.129
As commercially available filter glasses had low sodium
concentration, a sodium-rich melt was used in this study
—alternatively, waveguides could be fabricated in commercial glasses by cesium-potassium exchange. Degenerate fourwave mixing from fast nonlinearity in CdSSe-doped glass
was observed by prism-coupling pump and probe beams into
a planar waveguide.130 An ion-exchanged directional coupler
in such a glass was demonstrated with picosecond all-optical
switching, but this was dominated by fast saturable absorption, so the switching fraction was not high.131 The limitation
was that these commercial glass types did not have optimal
nonlinear properties, as the semiconductor nanocrystals in
the glass did not have sufficient size distributions. More
recently, silver-sodium and potassium-sodium ion-exchange
waveguide fabrication was demonstrated in glasses doped
with PbS quantum dots, which have high nonlinearities.132
The quantum-dot optical properties remained intact after ion
exchange. However, practical nonlinear devices would need
low waveguide propagation losses, requiring better optical
quality of glass than was available in the sample amount
produced.
Aitchison et al. demonstrated spatial optical solitons133
and soliton interaction134 in potassium-sodium ionexchanged planar waveguide fabricated on B270-glass,
which does not have a particularly high nonlinearity, but
it has low losses. They also made similar observations in
thallium-potassium–exchanged experimental glass containing niobium and titanium, having higher nonlinearity.135
6.3 Lasers and Amplifiers
In recent years the research on active rare-earth-doped
waveguide lasers and amplifiers has been the most dynamic
area of ion-exchanged glass waveguides. Amplification in
ion-exchanged waveguides was demonstrated as early as
1973 by Saruwatari et al. They demonstrated a waveguide
laser in a borosilicate glass containing 4.0 wt. % Nd2 O3 . The
waveguide used was highly multimode and was fabricated
with a field-assisted burial process.23 Not much happened in
the field for more than a decade until, largely inspired by the
promise of rare-earth-doped fibers, the field was “re-born”
in 1989.136 In the early 1990s several studies were reported,
demonstrating mostly Nd-doped waveguide lasers and amplifiers operating at ∼1.06 μm wavelength.137–142 However,
with the emerging applications of Er-doped fiber amplifiers
for the wavelength division multiplexing (WDM) networks
operating at 1.55 μm, the focus on planar rare-earth-doped
waveguides also turned into Er-doped devices. With ionexchanged waveguides the most success has been achieved
using phosphate glasses as a substrate, as they can be doped
with large amounts of rare earth ions. Silicate glasses suffer
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from the relatively poor solubility of rare-earth-ions, which
leads to clustering and a reduction in conversion efficiency.143
The use of highly-doped phosphate glasses enables the fabrication of compact devices, i.e., amplifiers with lengths of
only a few centimeters and short-cavity waveguide lasers
suitable for single-frequency operation.
In the development of Er-doped waveguide amplifiers the
major breakthrough occurred in 1995, when Barbier et al.
demonstrated an amplifier producing 7 dB of net gain in
a double-pass configuration, with a device length of only
41 mm in an Er/Yb-codoped phosphate glass substrate.144
They used a field-assisted burial process to reduce the fiberto-waveguide coupling loss; this also reduces the waveguide
propagation losses as the interaction with the glass surface is
avoided. With phosphate glasses this is of high importance,
since phosphate glasses are known to exhibit poor chemical
durability when exposed to the molten salts used in conventional ion exchange. Nevertheless, using special phosphate
glasses with improved chemical durability, high quality surface waveguides have also been demonstrated.145, 146 Alternatively, the dry silver ion exchange process can be used
in fabricating high-quality surface waveguides,147 and indeed, Patel et al. employed the Ag-film ion exchange process
in achieving the record high gain per unit length.148 They
demonstrated a peak gain of 4.1 dB at 1534-nm wavelength
in a 3-mm long phosphate glass waveguide, which was doped
highly with Er (8 wt. %) and Yb (12 wt. %). Following their
initial demonstration, Barbier et al. proved the feasibility of
Er-doped waveguide amplifiers (EDWAs) by reporting several impressive demonstrations of EDWAs. The demonstrations include an amplifying 4-wavelength combiner149 and
a successful operation of EDWAs in high-speed multiwavelength system experiments.150 The results of Barbier et al.
led to the commercialization of a family of EDWA-products
by Teem Photonics.151
After initial demonstrations of waveguide lasers operating at 1.06 μm wavelength, the research started to aim
at Er-doped waveguide lasers. There was a need in WDM
technology for cheap and compact transmitters in the 1550
nm wavelength region. The first ion-exchanged waveguide
laser emitting at 1540 nm wavelength was demonstrated by
Feuchter et al.152 The substrate used was a silicate glass BK7
with 0.5 wt. % Er2 O3 , and a thermal ion exchange in a KNO3
bath was employed in waveguide fabrication. The laser cavity was formed by bonding dielectric mirrors to the chip end
facets. However, as with amplifiers it was clear that the use
of phosphate glasses would enable much improved performance. Also, it was important to integrate waveguide gratings
with the cavity in order to achieve single frequency operation.
Indeed, several multi-wavelength waveguide lasers arrays
using Er/Yb-codoped phosphate glass substrates and surface relief-type gratings have been demonstrated.145, 146, 153
Veasey et al.145 used potassium ion exchange and a distributed Bragg reflector (DBR) grating, Madasamy et al.153
employed Ag-film ion-exchanged waveguides and a DBR
configuration, and Blaize et al.146 used molten salt silver
ion exchange with a DFB-grating configuration. In these approaches, a single grating was employed and the multiwavelength operation was achieved by changing the waveguide
width within the array, resulting in different effective indices
for the waveguide channels. To illustrate the potential of Erdoped waveguide lasers, Veasey et al. achieved an output
power of 80 mW at ∼1536-nm wavelength with 350 mW of
Optical Engineering

coupled pump power at 977-nm wavelength. Furthermore,
the laser linewidth of only 3 kHz has been demonstrated by
Bastard et al.154
Most waveguide laser demonstrations in phosphate glass
utilize Bragg gratings fabricated by lithographic procedures
or thin-film reflectors attached directly to the waveguide
facets. Both of these cavity mirror solutions involve multiple
steps in the clean room, and are therefore time-consuming
and expensive approaches. This can be avoided by utilization
of Bragg grating inscription into phosphate glass by UV irradiation through a phase mask. UV-written Bragg gratings are
nowadays widely deployed in fibers and fiber lasers but the
use of UV-written Bragg gratings in ion-exchanged waveguide lasers was delayed. It had turned out to be difficult to
write gratings in a glass waveguide material that provides
enough gain in short cavity lengths (i.e., a phosphate glass
waveguide). Note that the UV-written Bragg gratings are
also important in improving the laser efficiency since UVwritten volume Bragg gratings are nearly lossless and do
not couple pump laser light out from surface waveguides.
The first experiments on photosensitivity of ion-exchanged
Er/Yb-codoped phosphate glass were reported by Pissadakis
et al.155 They demonstrated a thin surface grating operating
in the Raman–Nath region with a refractive index change of
2×10 − 3 . Only a small index change on the order of 10 − 5
was observed in a pristine sample. This kind of a surface
grating would not work as a mirror in waveguide lasers for
two reasons: 1. a surface grating at the pump input side would
couple out the pump laser power at ∼980 nm propagating
close to the surface; 2. a surface grating with a relatively low
index modulation would not provide enough optical feedback for lasing. In 2006 Yliniemi et al. reported high quality UV-written Bragg gratings in ion-exchanged phosphate
glass and demonstrated a waveguide laser utilizing such a
grating.156, 157 In these studies commercially available Schott
IOG-1 phosphate glass was used.
The studies of Yliniemi et al.156, 157 revealed that fabrication of a volume grating in Er/Yb-codoped phosphate glass,
suitable for high quality waveguide fabrication, is indeed a
complex task. Volume waveguide gratings with maximum
reflectance of only about 15% were obtained.157 For typical
laser applications, however, reflectance above 70% should be
obtained, which is why another approach was adopted. It was
demonstrated that narrow-band high reflectance waveguide
gratings can be written in an undoped IOG-1 glass; therefore, a hybrid IOG-1 glass was utilized. The hybrid glass
is a monolithic substrate composed of an Er/Yb-codoped
part and an undoped part, bonded to each other.158 Yliniemi
et al. formed the Bragg grating in the undoped part of the
hybrid substrate, and it served as the wavelength selective
cavity mirror as well as the output coupler of the laser. The
Er/Yb-codoped part of the hybrid glass provided the gain
required for the laser operation. The Bragg grating was written through a phase mask with an ArF pulsed excimer laser
(wavelength of 193 nm). A phase mask with a period of 1065
nm was designed so that the Bragg grating in IOG-1 glass
would have a peak reflectance at ∼1535 nm, corresponding to the gain maximum of the Er-doped glass. Furthermore, a key finding was that the grating had to be written
prior to the fabrication of the waveguide. This way, the large
absorption at the writing wavelength induced by the waveguide is avoided and the grating planes extend deep below the
surface of the glass substrate.
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In laser experiments of Ref. 157, a fiber coated with an
SiO2 /TiO2 -thin film stack aligned with the waveguide facet
in the Er-Yb-codoped part of the substrate was used as the
other cavity mirror. Pump power from a fiber-pigtailed semiconductor diode laser emitting at 980 nm was also delivered
through this fiber. The thin film stack was designed to have
transmittance close to 100% at the pump wavelength of 980
nm and reflectance close to 100% at 1550-nm wavelength region. The demonstrated single-frequency laser operated with
an output power of 9.0 mW with a pump power of 200 mW
and a 135 mW threshold power. The slope efficiency was
13.9%.
7

Additional Applications of Ion-Exchanged
Waveguide Devices and Circuits
Fiber-optic passive components based on single-mode ionexchanged glass waveguides are the most obvious applications of this technology. In particular, 1-to-N and 2-to-N
splitters/combiners have been available for many years from
different vendors. A primary application has been in branching devices for passive optical networks and for multiplexing
signals at different wavelengths prior to optical amplification
in WDM transmission systems. The performance of these
devices is excellent, so their prospects depend largely on
emerging market needs, and competitiveness of alternate solutions, based on other waveguide technologies, or microoptical or fiber components. Other passive guided-wave
devices and circuits—for example those targeting WDM
applications116 —could be based on similar fabrication processes. A key question here is whether such components can
achieve sufficient performance and reliability at competitive
fabrication cost.
The next step for penetration of optical communication into shorter distances is the replacement of copper
interconnects in backplanes and circuit boards, where with
increasing data rates, optics could provide a high bandwidthdistance product with low signal interference and power consumption. Multimode optical waveguides represent a lowcost interconnect medium. While this work has mostly concentrated on polymer waveguide technologies, more recently
ion-exchanged waveguides in glass sheets laminated onto circuit boards have been suggested.159 Thin, high-quality glass
sheets in large sizes have increasingly become available for
display applications, and glass is in many respects an ideal
board material with excellent thermal, high frequency dielectric, mechanical, environmental, and optical properties.160, 161
High density of glass waveguides can be realized by fabricating them on both sides of a glass sheet.162 As is well
known with optical multimode fibers, graded-index waveguides can support much higher bandwidth-distance products
than step-index waveguides due to reduced intermodal dispersion, which would make ion-exchanged waveguide interconnects quite future-proof, which can be important, as
bandwidth requirements are constantly increasing.
After optical communication, the most interesting application area for guided-wave devices is in optical sensors.
It needs to be remembered that a significant portion of the
sensor market exists at price levels significantly lower than
even low-cost waveguide technologies can reach, so that
there is a large gap from demonstration of sensor concepts
to commercial products. Several sensor concepts have been
demonstrated using ion-exchanged waveguides,163 many using guided-wave interferometer structures, which can be
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used for example in distance or refractive index measurements. There are also sensor concepts utilizing multimode
waveguides,164 which can provide cost advantages. One main
category is chemical sensors,165 probing the sample substance with light propagating in waveguides. These are often
based on evanescent-field sensing, measuring a thin layer
at the waveguide surface. Ion-exchanged waveguides have
relatively low refractive index differences, particularly in
comparison with refractive index difference between glass
substrate and the measurand—typically a liquid substance,
with a much lower refractive index value than glass. For this
reason, they do not have very high sensitivity for evanescentfield sensing, as the mode extends deeper into the substrate
than it does above the surface. Evanescent field enhancement can be achieved using a thin high-index film on top
of the waveguide,166 effectively creating a dielectric-loaded
waveguide. Alternatively, metal films have been incorporated to couple light into surface plasmons that have a high
portion of evanescent field.167 Development of integrated
optics sensors basically needs the support of waveguide device foundries, with sensor platforms available that can be
modified for various sensing applications. One example of a
platform for lab-on-chip microdevices has a glass substrate
integrating ion-exchanged waveguides for optical sensing
and etched microfluidic channels, with polydimethylsiloxane cover.168, 169
A novel application has recently been found in astronomy,
particularly in astronomical interference, for beam combining in visible or infrared observations. A series of papers studied this approach using ion-exchanged waveguide devices as
an enabling technology: first, proposing the approach and developing the concept170 feasibility was demonstrated in laboratory with off-the-shelf components171 and characterization
of a beam combiner validated the technology,172 followed by
astronomical interference observations173 at 1.6-μm wavelength and then by development of new waveguide devices
for longer wavelength (2.0 to 2.5 μm) observations.174 In
astronomy, there is high interest in going further to midinfrared spectrum,175 and ion-exchanged waveguides have
been demonstrated in germanate glasses targeting the 3 to
4-μm spectral range.176, 177
Here, ion exchange has been a potential fabrication technology for final realization of such applications, but also
to some extent an available platform for carrying out scientific experiments. Some further examples of using ionexchanged waveguides as a platform for demonstrations and
studies can be given. Optical propulsion of polystyrene microspheres suspended in fluid by evanescent field of singlemode waveguides made by Cs + ion-exchange in glass were
studied.178 Another example is measurement of the standing wave pattern of counterpropagating waveguide modes in
millimeter scale by an optical near-field microscope.179 Here,
the focus was not the characterization of particular silver ionexchanged waveguides, but general demonstration of instrumentation. Ion-exchanged waveguides have also been used
for evanescent field fluorescence microscopy, utilizing different penetration depth for evanescent field from various modes
excited in multimode silver-exchanged waveguides.180
8 Outlook and Conclusion
Ion-exchanged waveguide components are available for
single-mode fiber communication applications, primarily as
splitters with high splitting ratios. Their eventual success
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will depend on the expansion of markets, and on whether
they provide cost or performance advantages over the main
competitors, which are expected to be components fabricated
using other passive integrated optics technologies.
Ion-exchanged waveguide amplifiers have been extensively investigated and very impressive results have been
demonstrated. However, so far they have achieved little practical success. Two major factors contribute to this: 1. the short
length of waveguide devices requires a very high gain per
unit length in order to compete with fiber amplifiers. This
necessitates a high concentration of rare earth ions within
the glass, which eventually leads to a decrease in pumping
efficiency due to cooperative up-conversion; 2. unlike rare
earth-doped fibers, which have radial concentration and index profiles that are optimized for pump/signal/gain medium
overlap, waveguides that are ion-exchanged in a homogeneously doped substrate exhibit a relatively poor overlap, decreasing the gain. However, waveguide amplifiers do have an
advantage over their fiber-based counterparts in that the passive elements (pump-signal combiner, tap coupler for power
monitoring, etc.) can be monolithically integrated onto the
same substrate with the amplifier, which is enabled by the hybrid glass.158 It remains to be seen whether these compact and
potentially very low-cost amplifiers will find applications in
telecommunications. Ion-exchanged waveguide lasers, however, are becoming increasingly popular. They have potential use in a wide variety of applications, requiring, e.g., a
very narrow linewidth. Here also, the use of the hybrid glass
can bring additional advantages in terms of increased functionality and cost due to monolithic integration (see, e.g.,
Madasamy et al.181 ). Another example of integrating amplification into device functionality is ring resonator with gain,
fabricated into Nd-doped glass by silver ion exchange, which
can be used as an optical gyroscope rotation rate sensor.182
The finesse of a 16 mm diameter resonator increased from
11 to 250, with pumping of the gain medium.
For the other application areas mentioned, the question
is whether ion-exchanged waveguide technology can meet
the final requirements for each application, and if required
product volumes will be high enough for volume technologies of integrated optics. The required volumes may depend on whether common technology platforms supported
by foundries will be available for multiple products.
Ion-exchanged waveguides will certainly continue to be
used in research work—in fact, several of the research efforts described here are still ongoing. One particular direction expected to be of future interest is hybrid/heterogeneous
integration of glass waveguides with various materials to optimally reach more diverse functionality. For example, nonlinear polymer cover materials have been deposited on top of
ion-exchanged waveguides to make nonlinear hybrid waveguide structures in which second harmonic generation183 and
parametric amplification184 have been demonstrated. Also,
with a photochromic polymer on an ion-exchanged Mach–
Zehnder interferometer, it was shown that the phase of guided
wave could be modulated with an optical control beam.185
A more recent example is a modulator combining Ag-film
exchanged waveguides with an electro-optic polymer layer,
using a fabrication process that aligned the hybrid waveguide with coplanar modulation electrodes using a single photolithographic masking step.186
To conclude, the authors expect that, due to its simplicity, ion-exchanged waveguide technology will continue to
Optical Engineering

serve as an important platform in testing new ideas and
demonstrating new device concepts. As for commercial applications, ion-exchanged splitting devices for fiber optic
communications may have an important role as the markets expand. It is also believed that the technology will remain an important choice for several “niche” applications,
including waveguide lasers and a wide variety of sensors.
Here, the hybrid approaches discussed above are particularly
promising.
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